mCry3A is one of only four proteins licensed for commercial use in Diabrotica control. Utilizing a colony of western corn rootworm, Diabrotica virgifera virgifera LeConte, selected for resistance to mCry3A, we evaluated how mCry3A resistance was inherited and whether fitness costs were associated with mCry3A resistance. Reciprocal crosses between a selected colony and a control colony were performed; resulting progeny along with parent colonies were evaluated in dose toxicity assays, greenhouse assays, and seedling assays. Dose toxicity assay results were inconclusive, as the highest dose of protein tested did not produce sufficient mortality for accurate LC 50 calculation. In whole-plant greenhouse assays on mCry3A-expressing corn, larval relative survival of the selected female Â control male reciprocal cross was similar to that of the selected colony, while that of the control female Â selected male was intermediate between the mCry3-selected colony and the control colony. However, when adult relative survival in whole-plant greenhouse assays was examined, no significant difference between the reciprocal crosses and the two parent colonies was detected. Heritability calculations based on both larval (0.66) and adult (1.03) survival data indicate that resistance to mCry3A is not inherited in a recessive manner. The selected colony was removed from selection pressure and evaluated after three or eight generations of removal. At three generations of removal from selection, a slight decrease in larval relative survival was detected compared with the selected colony. At eight generations of removal from selection, larval relative survival was comparable with that of the selected colony.
technology is not commercially available at this time (Baum et al. 2007 , Chu et al. 2014 , Ko ci et al. 2014 , Miyata et al. 2014 .
Corn varieties expressing insecticidal proteins isolated from Bacillus thuringiensis Berliner (Bt) for western corn rootworm control were first registered for commercial sale in 2003 ). Following a precedent set with Lepidopteran insects, resistance management plans have followed a "refuge" strategy (Gould 1998 ) in which nonBt plants (refuge) are planted alongside or near Bt plants. These refuges provide a source of Bt-susceptible individuals to mate with any resistant individuals that have survived exposure to the Bt crop (Gould 1998 ). This strategy is most effective if several criteria are met: the protein is expressed in the plants at a high dose, resistance is inherited recessively, random mating occurs, initial resistance alleles are rare, and fitness costs are associated with the resistance (Gould 1998) . Unfortunately, Bt products available for control of western corn rootworm do not meet the high dose requirement (Environmental Protection Agency [EPA] 2002; Storer et al. 2006; Hibbard et al. 2010a,b; Meihls et al. 2011; Clark et al. 2012) , resistance is not inherited recessively in laboratory-derived resistant western corn rootworm populations (Meihls et al. 2008 , Gassmann et al. 2011 , Oswald et al. 2011 , random mating may not be occurring (Marquardt and Krupke 2009, Spencer et al. 2013) , initial resistance alleles may be more common than anticipated (Onstad and Meinke 2010) , and there are few fitness costs associated with resistance to Bt products (Gassmann et al. 2009 , Meihls et al. 2012 , Oswald et al. 2012 , Petzold-Maxwell et al. 2012 . Using laboratory colonies, western corn rootworm populations resistant to Cry34/Cry35Ab1, Cry3Bb1, and mCry3A have been developed (Lefko et al. 2008; Meihls et al. 2008 Meihls et al. , 2011 Meihls et al. , 2012 Oswald et al. 2011) . Cross resistance to Cry3Bb1 and mCry3A has also been discovered in field populations of western corn rootworm (Gassmann et al. 2011) .
Bt traits provide farmers with western corn rootworm control without the negative human health and environmental effects associated with conventional insecticides (Mendelsohn et al. 2003 , National Research Council 2010 , Sanahuja et al. 2011 . To make informed resistance management decisions, information on the development of resistance to Bt traits in western corn rootworm populations is being collected. The following experiments test the heritability of resistance to mCry3A-expressing corn through reciprocally crossing resistant and susceptible colonies. We also test for the persistence of mCry3A resistance in resistant populations when selection pressure is removed.
Materials and Methods

Insects
A western corn rootworm colony selected for survival on corn expressing the mCry3A protein (event MIR604; hereafter referred to as "selected") and a paired unselected colony (hereafter referred to as "control") were developed as described by Meihls et al. (2011) . Each colony was reared similarly, except that larvae from the control colony were fed a diet consisting entirely of isoline (untransformed corn having a similar genetic background to MIR604) corn, while larvae from the selected colony were fed a diet consisting of mCry3A-expressing corn.
Reciprocal Crosses
Newly emerged adults from the control (generation 18) and selected (generation 13) colony were maintained in 30-cm 3 rearing cages (MegaView Science Co., Ltd., Taichung, Taiwan) at a constant 25 C and a photoperiod of 14:10 (L:D) h. Beetles were segregated by gender for the first 7-10 d to reach sexual maturity, after which time, reciprocal crosses between colonies (control females Â selected males [C$ Â S#]; and selected females Â control males [S$ Â C#]) were carried out using 100 males and 100 females per cross. Offspring of the two crosses, together with the control and selected colonies, were evaluated for growth and survival using greenhouse and dose toxicity assays described later.
Larval and adult survival data were used to calculate the dominance value (h) associated with mCry3A resistance. Dominance was calculated similar to Tabashnik et al. (2008) as (BtW rs À BtW ss )/ (BtW rr À BtW ss ), where BtW rs is the average relative survival of the two reciprocal crosses on Bt, BtW ss is the relative survival of the susceptible colony on Bt, and BtW rr is the relative survival of the selected colony on Bt. Dominance values close to 0 indicate a recessive trait, while dominance values ! 1 indicate a dominant trait.
Removal From Selection
Following selection for 12 generations on mCry3A-expressing corn, a new colony was established by removing selection pressure and rearing larvae on isoline corn. The control colony (generation 20), the selected colony (generation 14), and the removal from selection colony (12 generations on mCry3A-expressing corn followed by 3 generations on isoline) were screened in the greenhouse using procedures described later. The removal from selection colony was maintained for an additional five generations on isoline corn (12 generations mCry3A-expressing corn, 8 generations isoline) before additional screening. The removal from selection colony along with the control colony (generation 25) and selected colony (generation 16) were evaluated in seedling assays described later.
Greenhouse Assay
Neonate larvae were evaluated for growth and survival in the greenhouse using standard procedures described by Meihls et al. (2008) . Briefly, each colony was evaluated on either mCry3A-expressing corn or its paired isoline corn grown in pots containing a 2:1 mixture of autoclaved soil and ProMix (Premier Horticulture Inc., Quakertown, PA). Each replication of each treatment consisted of three pots: two small pots (3.8 liters) for larval recovery data and one large pot (19 liters) for adult emergence. Eggs were recovered from oviposition soil (previously sifted through a number 70 sieve) by washing through a number 60 sieve, suspended in 0.15% agar solution (Agargel, Sigma Aldrich Co. LLC., St. Louis, MO), and added to pots at a rate of 50 eggs per pot once plants reached the V2-V3 stage (Ritchie et al. 1992) . To monitor egg hatch, a subsample of eggs were placed on moistened filter paper in a petri dish, placed near the pots, and checked daily. Larvae were recovered from the two small pots using Berlese funnels 1 (7 d after infestation [DAI]) and 2 (14 DAI) wk following peak egg hatch (for collection of second-and third-instar larvae, respectively). For adult emergence pots, plants were kept alive, but netting was secured to the top of the pot with large rubber bands and to the base of corn plants with cable ties. Pots were checked for adults three times weekly. Recovered larvae and adults were stored in 95% ethanol. Recorded data for larval recovery pots included larval number, head capsule width, and dry weight. Recorded data for adult emergence pots included adult number, emergence date, gender, head capsule width, and dry weight. In addition, following the completion of adult emergence, root damage ratings were recorded from all adult emergence plants (Oleson et al. 2005) . Each treatment was replicated 15 times. Adult recovery pots were arranged in a randomized complete block design and larval recovery pots arranged in a randomized complete block split-plot design with treatment as the main plot and larval recovery date as the subplot. Throughout the experiment, greenhouse air temperature was recorded on an hourly basis (HOBO model H08-001-02, Onset Computer Corporation, Bourne, MA).
Seedling Assay
Neonate larvae were evaluated for growth and survival on seedling corn in growth chambers as described by Meihls et al. (2011) . Eggs were recovered from oviposition soil, suspended in 0.15% agar solution, and added to containers (710 ml, The Glad Products Company, Oakland, CA) at a rate of 333 eggs per container. Twenty milliliters of water was added to each container to dilute the agar, then eggs were covered with $2 cm of soil (as described in the greenhouse assay). Approximately 15 g (or $50 kernels) seed of the appropriate corn type was added to the surface of the soil. Seeds were covered with $4 cm of soil, and 80 ml of water was added. Containers were placed in a growth chamber (model I36LL, Percival Scientific, Perry, IA) at 25 C and a photoperiod of 14:10 (L:D) h. Petri dishes to monitor egg hatch were included as described in the greenhouse assay. Ten days following first egg hatch, corn plants were cut near soil level, and the root ball placed in Berlese funnels to recover larvae. Recorded data for larval recovery included larval number, head capsule width, and dry weight.
Dose Toxicity Assay
Dose toxicity bioassays were performed as previously described (Siegfried et al. 2005) by Custom Bio-Products (Maxwell, IA). Neonate larvae were exposed to 0, 0.3, 0.9, 2.7, 8.1, and 24.3 mg/ cm 2 of mCry3A protein applied as an overlay to the artificial diet. Dosages were chosen, based on previous experimental data, to produce a range of mortality rates (Meihls et al. 2011) . After 6 d, larval survival was recorded and surviving larvae from each concentration were pooled and larval wet weight recorded.
Statistical Analysis
Greenhouse and Seedling Assays For each replicate, the relative survival of colonies was calculated as: number of larvae recovered from mCry3A-expressing corn in that replicate/average number of larvae recovered from the paired isoline corn with that colony. All other variables, such as weight, head capsule width, and root damage, were analyzed using raw data. Relative survival was then rank transformed (Conover and Iman 1981) and analyzed as a randomized complete block design using PROC MIXED of the SAS statistical package (SAS 2013). All other data were analyzed as a randomized complete block two-way factorial design (colony Â corn type) using PROC MIXED. In addition to performing analysis of variance, preplanned comparisons were performed using the LSMEANS option of the PROC MIXED to compare means of interest.
Dose Toxicity
Only replicates in which control larval mortality was <10% and mortality in the highest dose was >50% were considered in the analysis. Larval survival data were analyzed using PROC PROBIT of the SAS statistical package. Larval weight, calculated as the total weight of larvae/initial number of larvae (giving dead larvae a weight of 0 to account for mortality as in Siegfried et al. (2005) ), was analyzed by nonlinear regression using PROC NLIN of the SAS statistical package.
Results
Reciprocal Crosses
Greenhouse Assay At 7 DAI, the control had a significantly lower relative survival compared with all other colonies ( Fig. 1A ; Table 1 ). The relative survival of the selected colony, the C$ Â S# colony, and the S$ Â C# colony were not statistically different. At 14 DAI, the S$ Â C# colony had significantly greater relative survival compared with the C$ Â S# ( Fig. 1B ; Table 1 ). The relative survival of the control colony and the selected colony were intermediate and not significantly different from the S$ Â C# colony or the C$ Â S# colony.
Larval Dry Weight and Head Capsule Width
At 7 DAI, significant differences in larval weight were only observed for the control colony, where larvae fed mCry3A-expressing corn roots were significantly smaller than larvae fed isoline corn roots (Fig.  1C ; Table 1 ). A similar pattern was observed for larval head capsule width, where larvae of the control colony that were fed mCry3Aexpressing corn roots had smaller head capsule widths (and were in an earlier stage of development) than those fed on isoline corn ( Fig.  1E ; Table 1 ). At 14 DAI, a significant difference was observed between the dry weights of larvae of the control colony when fed mCry3A-expressing roots compared with larvae fed isoline corn roots ( Fig. 1D ; Table 1 ). The only significant difference in larval head capsule width was for larvae of S$ Â C# colony, where larvae recovered from mCry3A-expressing corn had significantly smaller head capsules than those recovered from isoline corn ( Fig. 1F; Table 1 ).
Adult Recovery
When completing development on mCry3A-expressing corn, no significant differences were seen in female, male, or total adult relative survival between the four colonies ( Fig. 2A; Table 1 ). Adults from all colonies were of a similar weight when recovered from isoline corn. However, when emerging from mCry3A-expressing corn, adults from the selected colony weighed significantly less than those from the control colony or the C$ Â S# cross ( Fig. 2B; Table 1 ). No significant difference in head capsule width was observed for any of the treatment combinations ( Fig. 2C ; Table 1 ).
Larvae of the C$ Â S# colony and the selected colony produced similar amounts of root damage to mCry3A-expressing corn roots and isoline corn roots ( Fig. 2D ; Table 1 ). In contrast, larvae of the S$ Â C# colony and control colony produced significantly more damage to roots of isoline plants compared with mCry3A-expressing plant roots.
Dominance
Calculations of dominance were conducted using both larval and adult recovery data. Dominance values close to 0 indicate a recessive trait, while dominance values !1 indicate a dominant trait. For both larval data (h ¼ 0.66) and adult data (h ¼ 1.03), resistance to mCry3A appeared to be inherited in either a nonrecessive or dominant manner.
Dose Toxicity LC 50 calculations were not possible for the selected colony due to the low mortality at even the highest dose (selected colony mortality averaged 15% at 24.3 mg/cm 2 ; Fig. 3 ). Mortality was low in the dose toxicity assay overall, with 66.7% being the highest mortality achieved at the 24.3 mg/cm 2 dose. There was no significant difference in LC 50 values between the control colony and the two reciprocal crosses (Table 2) . Likewise, EC 50 values did not differ significantly between any of the colonies tested (Table 2) . 
Removal from Selection
Greenhouse Assay (Three Generations of Removal From mCry3A Exposure) For larval count data, the 7 DAI and 14 DAI dates were combined because the effect of recovery date was not significant. For larval weight and head capsule width, data were analyzed and are presented separately for each recovery date. For the combined larval count data ( Fig. 4A; Table 1 ), relative survival of the removal from selection colony was significantly lower than that of the selected colony. Survival of the control colony was intermediate compared with the selected colony and the removal from selection colony.
For both larval recovery dates, no significant difference in weight was observed for any of the treatment combinations ( Fig. 4B and C ; Table 1 ). For larval head capsule width, no significant difference between treatment combinations was observed at 7 DAI ( Fig. 4D ; Table 1 ). However, for the 14 DAI recovery, larvae of the control Table 1 . Analysis of variance for each experiment and parameter colony that were reared on mCry3A-expressing corn had significantly smaller head capsule widths than those reared on isoline corn ( Fig. 4E; Table 1 ).
Seedling Assay (Eight Generations of Removal from mCry3A Exposure)
When colonies were screened on mCry3A-expressing corn and isoline corn in a seedling assay, the relative survival of the selected colony and the removal from selection colony were significantly greater than that of the control colony ( Fig. 5A; Table 1 ).
Larvae of the selected colony were of a similar weight whether they were recovered from mCry3A-expressing corn or isoline corn ( Fig. 5B; Table 1 ). In contrast, larvae of the control colony and the removal from selection colony weighed less when recovered from mCry3A-expressing corn than when recovered from isoline corn. The similarity in weight observed for the selected colony may be due to the overall light weight of larvae from the selected colony; larvae of the selected colony weighed significantly less than that of the control or removal from selection colony, even when recovered from isoline corn.
No significant difference in head capsule width was evident between control, selected, and the removal from selection colonies when larvae were recovered from isoline corn ( Fig. 5C ; Table 1 ). However, for all colonies, larvae recovered from mCry3A-expressing corn had significantly smaller head capsules than larvae recovered from isoline corn. Among larvae recovered from mCry3A-expressing corn, larvae from the removal from selection colony had the largest head capsule width and larvae from the selected colony had the smallest head capsule width, while larvae of the control colony were intermediate in head capsule width.
Discussion
Field populations of western corn rootworm resistant to Cry3Bb1 and mCry3A have been documented in areas of the Midwest (Gassmann et al. 2011 Wangila et al. 2015) . However, these traits remain effective across most of the United States. Understanding how resistance to these proteins arose, and how it is passed to offspring, will dictate how resistance to these traits can be mitigated and determine whether these traits still have a place in the mosaic of newly available pyramided traits. Initial selection of western corn rootworm colonies on mCry3Aexpressing corn under field conditions, followed by multiple generations of greenhouse selection on mCry3A-expressing corn, resulted in a significantly higher tolerance to mCry3A in as few as seven generations (Meihls et al. 2011) . A resistance ratio close to 15 was observed following 10 generations of selection (see Table 4 of Meihls et al. (2011) ). In the current study, following 13 generations of selection, dose toxicity assays indicate that LC 50 values for both control and selected colonies had significantly increased. This increase is likely due to variability in protein efficacy between batches, which has been observed for other Cry proteins (Nguyen and Jehle 2009) . LC 50 values for the selected colony could not be calculated, as the mortality achieved at the highest dose, 24.3 mg/ cm 2 , was only 15%. In fact, protein concentrations will likely need to be increased in future experiments, as the highest dose, 24.3 mg/ cm 2 , achieved consistent 50% mortality in only one population (C$ Â S#). LC 50 values of reciprocal cross colonies and the control colony were statistically similar, ranging from 16.39 to 24.96 mg/ cm 2 . Given the large variation observed in the LC 50 data, it is likely that even if the selected colony LC 50 could be calculated, it would not be significantly different from that of the control colony and the two reciprocal crosses. EC 50 values for the control colony, selected colony, and the two reciprocal crosses were consistently low and not significantly different, ranging from 0.58 to 1.49 mg/cm 2 . These data suggest that when larvae are exposed to purified protein, even for those colonies that seem to survive well on mCry3A-expressing plants, low amounts are required to see a significant decrease in larval weight over a 6-d assay.
LC 50 data alone has not always been an indicator of survival on whole plants. Following 14 generations of selection on mCry3Aexpressing corn, larval survival of the selected colony on mCry3Aexpressing corn was significantly greater (95.8-118.8% relative survival compared with 41.3-88.8% relative survival of the control colony) when evaluated on whole plants under greenhouse conditions. However, when allowed to develop to the adult stage, differences in relative survival were not significant between the control colony, selected colony, and the two reciprocal cross colonies. This discrepancy could be due to the methods used to collect adult beetles, as the experiment was terminated when no adults were recovered for two consecutive weeks, and it is possible that additional adults could have emerged after this time. However, it may be more likely due to the low natural mortality of MIR604 . Seedling assays are believed to provide stronger selection intensity, because the insects are kept in proximity to young corn roots expressing more protein than the older corn roots available in the whole-plant greenhouse assay. Selection was continued for an additional two generations (16 generations of selection on mCry3Aexpressing corn), and colonies were evaluated using seedling assays. Under these conditions, relative survival of the selected colony was lower (79.3%) but still significantly greater than that of the control colony (35.8%).
Heritability is one factor affecting the development and spread of resistance (Gould 1998 , Tabashnik et al. 2004 ). The heritability of resistance genes within a population will determine what, if any, remedial actions can be taken to prevent the continued spread of resistance. Reciprocal crosses between selected and control colonies were conducted to determine heritability of mCry3A resistance. Heritability values, based on larval and adult recovery data, were 0.66 and 1.03, respectively. These values indicate that resistance is inherited in a dominant manner, similar to what has been observed with Cry3Bb1 resistance. However, these values are much higher than those seen with Cry3Bb1, where heritability values ranged from 0.15 to 0.296 (Meihls et al. 2008 , Oswald et al. 2011 . The apparent discrepancy between LC 50 data and survival on whole plants has been observed previously. This could be due to differences in exposure rates between plant roots and diet bioassays, or the more complex environment of whole-plant root systems that allows the larvae to forage on tissues of different ages.
The presence of fitness costs could also impact the development and spread of resistance within insect populations (Gassmann et al. 2009 ). Fitness costs, where resistant individuals are less fit in the absence of the selection pressure, would tend to decrease the resistance within a population. Selected colonies with demonstrated mCry3A resistance were removed from selection for three and eight generations and screened on whole-plant greenhouse assays and in seedling assays. Overall, the whole-plant greenhouse assay detected very little difference in larval weight or head capsule width due to mCry3A-expressing corn for the three colonies tested. The removal from selection colony had lower relative survival than that of the selected colony; however, larval weight and head capsule width on isoline corn were not significantly different from mCry3A-expressing corn for any of the colonies tested, including the control colony. In contrast, the seedling assay detected differences between mCry3A-expressing corn and isoline corn for all three colonies tested. In the seedling assay, the control colony (35.8%) had significantly lower relative survival than the removal from selection colony (66.3%) or the mCry3-selected colony (79.3%). Larvae also weighed less and had smaller head capsule widths when recovered from mCry3A-expressing corn than when recovered from isoline corn (with the exception of the selected colony weight, which did not differ between mCry3A-expressing and isoline corn). This could be due to the high dose of protein produced by younger plants, which decreased relative survival of all colonies compared with relative survival in the whole-plant greenhouse assay. The impact of mCry3A-expressing corn was significant on larvae of the control colony, going from 93.8% relative survival in the greenhouse assay to 35.8% relative survival in the seedling assay; selected colony relative survival of 115% in greenhouse assays decreased to 79.3% relative survival in the seedling assay. Seedling assay results suggest that the removal from selection colony did not show a decrease in resistance when selection pressure was removed, so fitness costs associated with mCry3A resistance are minimal if present. 
